Outer-and inner-valence ionization spectra of CO and N 2 were studied by the SAC-CI (symmetry-adapted-cluster configuration-interaction) general-R method. Fine details of experimental spectra of these molecules were reproduced and quantitative assignments of the peaks were proposed. Both outer-and inner-valence satellites were classified into the shakeup states including the valence or Rydberg excitations. For CO, theoretical satellite spectrum up to 50 eV was presented and the nine bands of 22-50 eV observed by EMS and eight bands of 22-34 eV by XPS (C-K) were characterized in detail. Numerous satellite peaks with distributed intensity were obtained and some of them, especially for bands 4, 5, 6 and 7, were predominantly described by triple-electron processes. For N 2 , the spectrum up to 45 eV was calculated and the complex satellite peaks observed by XPS in the lower energy region 20-33 eV were interpreted. The detailed assignments for the (2σ g -1 ) satellite states in the higher-energy region 33-45 eV were also presented. Keywords: SAC-CI; Valence ionization spectra; Satellite spectra; Ab initio calculations; Photoelectron spectroscopy; Quantum chemistry.
Out of the extensive work on the satellite peaks, the valence ionization spectra of CO and N 2 molecules are of special interest, and have been studied in detail both experimentally [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] and theoretically [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . These spectra show many satellite peaks with complex band structures due to strong electron correlations. The satellite peaks continuously appear in both the outerand inner-valence regions. After the He I PES was reported for three main peaks by Turner et al. 26 , many careful and detailed studies on the innervalence satellite peaks have been performed by XPS [1] [2] [3] [4] , SRPES 5, 6 , EMS 7, 8 , and He II PES 9, 10 . French et al. 8 observed the outer-and inner-valence spectra of CO up to 53 eV by EMS and gave nine deconvoluted bands. Svensson et al. 4 presented the detailed inner-valence spectra of CO and N 2 by highresolution XPS. Recently, fine analysis was performed for the vibrational structure of some satellites of CO and N 2 by high-resolution PES using synchrotron and He II radiations 13 and ultraviolet photoelectron spectroscopy (UPS) 14 . Liu et al. 12 also observed the fine structure in inner-valence PES of CO and N 2 with a resolution better than 100 meV.
Theoretically, the outer-and inner-valence ionization spectra of these molecules have also been intensively studied by the configuration-iteration (CI) method [15] [16] [17] [18] [19] [20] and Green's function method [20] [21] [22] [23] . Previously, we have also applied the symmetry-adapted-cluster CI (SAC-CI) method to these spectra, however, the basis set and active space were limited since the study was aimed at comparison with the full-CI spectra 24 . Since the satellite peaks of these molecules are both numerous and complicated, the detailed characterization is still difficult and, actually, there are some controversial assignments. It is important to perform the accurate calculations using the sufficient basis sets, especially for the assignment of the high-lying shakeup states.
In this work, we studied the ionization spectra of CO and N 2 in both the outer-and inner-valence regions by the SAC-CI general-R method with an extended basis set. The SAC/SAC-CI method 27, 28 has been successfully applied to molecular spectroscopic problems including ionization spectroscopy 24, [29] [30] [31] [32] [33] [34] [35] [36] [37] . In particular, the SAC-CI general-R method 38,39 is designed to describe multielectron processes with high accuracy, and has been shown to be useful for studying the large number of states appearing in the ionization spectrum 24, [34] [35] [36] [37] . In the SAC-CI general-R method, not only singles and doubles but also triples, quadruples and higher-excitation operators are included as the linked excitation operators (R). Recently, we have succeeded in giving a fine analysis of the outer-and inner-valence ionization spectra of Group V and VI hydrides 37 . Details of the SAC-CI general-R method are given in ref. 38 and in a review article recently summarized 39 .
COMPUTATIONAL DETAILS
We studied vertical ionization spectra of CO and N 2 and the experimental geometries 40 were adopted; r e = 1.12832 Å and r e = 1.09768 Å for CO and N 2 , respectively. We used valence triple-zeta (VTZ) basis sets of Ahlrichs 41 , augmented with two d-type polarization functions of ζ d = 1.097, 0.318 for C, ζ d = 2.314, 0.645 for O, and ζ d = 1.654, 0.469 for N. The exponents of the polarization functions of C, O and N were taken from the correlationconsistent polarized VTZ (cc-pVTZ) sets 42 . In addition, s-, p-and d-type Rydberg functions were put on C, O and N atoms: ζ s = 0.023, ζ p = 0.021, ζ d = 0.015 for C, ζ s = 0.032, ζ p = 0.028, ζ d = 0.015 for O, and ζ s = 0.028, ζ p = 0.025, ζ d = 0.015 for N. The exponents of these Rydberg functions were due to ref. 43 . The resulting basis sets are (12s8p5d)/[8s5p3d]. The ionization spectra of CO and N 2 were calculated by the SAC-CI general-R method in both outer-and inner-valence regions up to around double-ionization threshold. Most of the shake-up states of these molecules were predominantly described by two-electron or three-electron processes, and therefore the R-operators were included up to quadruples. The active space consists of 5 occupied and 61 unoccupied MOs for these molecules; the 1s orbitals of C, O and N were frozen as cores, and all the other MOs were included in the active space.
To reduce computational efforts, perturbation selection 30 was carried out in the state-selection scheme. For the ground state, the threshold for the linked operator was λ g = 1 × 10 -7 a.u. and the unlinked terms were written as the products of the important linked terms whose SDCI coefficients were larger than 0.003 for CO and 0.001 for N 2 . For the ionized states, the threshold for the double excitation operators was λ e = 1 × 10 -7 a.u., that for triples was λ e = 1 × 10 -6 a.u., and that for quadruples was λ e = 1 × 10 -5 a.u. for CO and λ e = 1 × 10 -6 a.u. for N 2 . The thresholds of the CI coefficients for calculating the unlinked operators in the SAC-CI method were 0.05 and 1 × 10 -8 for the R and S operators, respectively.
The ionization cross-sections were calculated using the monopole approximation 44, 45 to estimate the relative intensities of the peaks. In calculating monopole intensity, the correlated SAC wave function was used for the ground state; namely both initial-and final-state correlation effects were included. In particular, the intensity of the 2 ∆, 2 ∆ g and 2 ∆ u states arises only from the initial-state correlation effect.
Hartree-Fock (HF) SCF calculations were preformed using Gaussian 98 46 and SAC/SAC-CI calculations were performed using the SAC-CI96 program system 47 . Theoretical Fine Spectroscopy with SAC-CI Method
IONIZATION SPECTRUM OF CO
The outer-and inner-valence ionization spectra of CO up to 52 eV were studied by the SAC-CI general-R method. The SAC-CI calculations were performed in C 2v , therefore, the Table I , together with those before the perturbation selection. Since most of the satellite states were predominantly described by two-electron process, the SD-CI solutions were used for the reference states in the perturbation selection. The resulting dimensions were 113 557 and 72 637 for 2 The HF electronic configuration of CO is written as (core) 4 (3σ) 2 (4σ) 2 -(1π) 4 (5σ) 2 . Figure 1 shows the ionization spectrum of CO in the outer-and inner-valence regions calculated by the SAC-CI general-R method in comparison with the SRPES spectrum 6 . In the theoretical spectrum, the calculated pole strengths were shown by solid lines and were convoluted using Gaussian envelopes with the full width half maximum (FWHM) 2.0 eV estimated by averaging FWHMs of three main peaks of the SRPES spectrum.
The theoretical spectrum reproduces shape of the SRPES spectrum for both the main peaks and the satellites quite accurately. First, we discuss three main peaks: (5σ -1 ), (1π -1 ) and (4σ -1 ) states. Next, the satellite peaks in the inner-valence region are discussed along with the EMS 8 , XPS 4 , and He II PES spectrum 9 . In ref. 4 , the assignments of the XPS spectrum were performed with the information from both deexcitation spectroscopy (DES) 48 and UPS 49 spectra, which gave a consistent characterization of the observed peaks. It was noted that the USP spectrum was useful since it emphasizes the ionization originating π orbitals. In Fig. 2 , the inner-valence satellite spectrum by the present calculation is compared with EMS 8 and XPS 4 . In the EMS spectrum 8 , the sum of experimental binding energy spectra recorded at ten azimuthal angles φ = 0-24°, was deconvoluted with Gaussian functions (2.5 eV FWHM) as shown by the dashed lines. Our theoretical spectrum was also convoluted with the equal line width of the EMS spectrum. Table II summarizes the IPs, monopole intensities and main configurations of the satellite peaks, whose IPs are up to 52 eV with intensities greater than 0.002. Unfortunately, no experimental information on the intensity has been reported for comparison.
Nine satellite bands numbered 1-9 were observed by EMS 8 in the energy region 22-52 eV, and eight peaks (C-K) of 22-34 eV were characterized in detail. As the lowest band, the medium peak at 24.1 eV (band 1) was measured by EMS 8 . XPS 4 and He II PES 9 works also reported the peaks at 23.7 (C) and 23.4 eV, respectively. We assigned a 2 Σ + state calculated at 24.53 eV with the intensity 0.064 to this band. This state corresponds to the (4σ -1 ) outer-valence satellite and is described by two-electron processes such as (5σ -1 1π -1 6π), which involves the valence-excitation to π* orbital. Contributions of the triples were also found and therefore the inclusion of triple and quadruple R-operators was important for describing this state. In the energy region below band 1, He II PES and DES 48 observed a weak peak at 22.7 eV (D). To the peak D, we assigned a 2 Π state calculated at 23.65 eV with the intensity 0.005, which was mainly characterized as (5σ -2 6π). Next, the XPS and He II PES have also observed a very weak peak at 25.2 eV (E) and 25.3 eV, respectively, in the shoulder of band 1. The assignment of this state is still not definitive. Our method calculated no peak of 2 Σ + or 2 Π symmetries in the energy region 25-28 eV, but gave a 2 ∆ state at 26.12 eV with ) and UPS (ref.
49
) spectra in ref. 4 Ehara, Ishida, Nakatsuji:
The inner-valence ionization spectra of CO by a EMS (1200 eV) summed at ten azimuthal angles 8 , b XPS (1487 eV) 4 , and c SAC-CI general-R method. In the theoretical spectrum, the calculated pole strength of each peak is shown as a solid vertical line and is convoluted with a FWHM of 2.5 eV the tiny intensity 0.0003. Though we assign this 2 ∆ state to this shoulder, the vibrational progressions of other peaks can overlap in this energy region. Therefore, it is necessary to study the vibrational states, the FrankCondon factor, and the intensity dependence on the CO distance for final assignments of the peak E. Three 2 Π and one 2 Σ + states were calculated at 28.31, 28.75, 29.17 and 30.16 eV, which were attributed to band 2 observed at 28.3 eV (EMS) 8 and 28.1 eV (He II PES) 9 . Three 2 Π states at 28.31, 28.75 and 29.17 eV correspond to the (1π -1 ) outer-valence satellites and are characterized as the shake-up states including valence-excitations of (4σ -1 5σ -1 6π), (5σ -2 6π) and (1π -2 6π). The total pole strength of these states was calculated to be 0.012. On the other hand, the 2 Σ + state at 30.16 eV with the intensity 0.021 corresponds to the (5σ -1 ) outer-valence satellite and is mainly described by (5σ -1 1π -1 6π). In the XPS spectrum 4 , the corresponding peak appeared as a weak and broad feature centered at about 28.5 eV. This peak was interpreted as being due to the two satellites at 27.4 eV (F) and 28.0 eV (G) from the UPS spectrum 49 , and they were assigned to the 2 Π sand 2 Σ + states, respectively. In DES 48 , a strong peak was also observed at about 27.6 eV. These states were confirmed by theoretical calculations 19, 51 , though their assignments were controversial. We assigned three 2 Π states calculated at 28.31, 28.75 and 29.17 eV to the peak F and the 2 Σ + state at 30.16 eV to the peak G, which supports the assignments of the UPS and DES spectra. According to ref. 49 , the peak G forms a vibrational progression centered at about 28.3 eV.
Next, three 2 Σ + and one 2 Π states were calculated at 32.58, 32.74, 33.19 and 32.70 eV, which were assigned to band 3 observed at 31.6 eV (EMS) 8 and 31.8 eV (He II PES) 9 . Three 2 Σ + states are due to the (3σ -1 ) inner-valence satellites, and are mainly described by (4σ -1 1π -1 6π) and (5σ -2 11σ), which involve the valence π* excitation for two peaks at 32.58 and 32.74 eV, and valence σ* excitation for a peak at 33.19 eV. The 2 Π state at 32.70 eV is characterized as (1π -2 6π). In the XPS spectrum, two peaks were discriminated at 31.1 (I) and 32.0 eV (J), and in DES, a weak feature was also seen at ca. 31 eV. We assigned two 2 Σ + and one 2 Π states at 32.58. 32.74 and 32.70 eV to the peak I and one 2 Σ + state at 33.19 eV to the peak J.
Eight continuous 2 Σ + and 2 Π states calculated from 34.36 to 35.76 eV were attributed to the broad band at 34.1 eV (band 4) in EMS. The total pole strength of these states, including peaks with the intensity less than 0.002, was calculated to be 0.071. Among these continuous states, three 2 Π states calculated at 34.36, 35.42 and 35.76 eV are mainly described by the two-electron processes including valence σ* excitations, such as (5σ -1 1π -1 11σ) and (5σ -1 1π -1 12σ) . Other states correspond to the (3σ -1 ) inner-valence satellites: three peaks at 35.25, 35.52 and 35.55 eV are associated with the twoelectron process involving the Rydberg excitations and two peaks at 35.01 and 35.65 eV are due to three-electron processes. Thus, the inclusion of triple and quadruple R-operators is important for describing band 4. In the XPS spectrum, two peaks were obtained at 33.7 (K) and 34.9 eV in this energy region; we assigned three states from 34.36 to 35.25 eV to the peak K and other states to the latter peak.
In the energy region above 36 eV, the (3σ -1 ) inner-valence satellite bands 5-9 were observed by EMS, and these bands lay on the double-ionized states (36-42 eV) 40, 53, 54 . Though there are other possibilities for assignments of these bands, we tentatively assign some shake-up states underlying in the continuum of the double ionized states. Eight 2 Σ + states from 36.54 to 38.24 eV were assigned to band 5 observed by EMS at 36.6 eV, which is the shoulder of the strongest peak (band 6). The total pole strength of these states, including peaks with small intensity, was calculated to be 0.180. Among these states, three peaks at 36.98, 37.43 and 37.97 eV are characterized as two-or three-electron processes including π* or σ* excitations, while others are characterized as the two-electron processes involving the Rydberg excitations. In the XPS spectrum, two peaks were observed at 36.2 and 37.5 eV; we assigned two states at 36.54 and 36.98 eV to the former peak and other states from 37.43 to 38.24 eV to the latter peak.
To the strongest band observed by EMS at 38.7 eV (band 6), seven 2 Σ + states calculated from 38.98 to 40.06 eV were attributed. He II PES and XPS observed this peak at 37.3 and 38.7 eV, respectively, as the strongest peak in the inner-valence region. The total pole strength of these states, including peaks with small intensity, was calculated to be 0.466. The prominent two peaks calculated at 39.90 and 40.06 eV with strong intensities are characterized as a linear combination of (3σ -1 ) and two-electron processes such as (4σ -1 5σ -1 12σ), (5σ -2 11σ) and (1π -2 11σ), which involve the excitations to σ* orbitals.
In the energy region 40.5-50 eV, three weak and broad bands 7-9 were observed by EMS, and only one peak at 46.0 eV, which corresponds to band 8, was recorded by XPS. Numerous states, whose intensities were less than 0.003, were calculated in this region. Continuous small peaks calculated from 40.5 to 43 eV were assigned to the broad band observed at 41.5 eV (band 7), which is the shoulder of band 6. Most of these states are characterized as the two-electron processes including Rydberg excitations. Three states at 40.70, 41.62 and 41.63 eV are described by the three-electron process involving π* excitations. Band 8 observed at 45.5 eV (EMS) and 46.0 eV (XPS) was composed of ≈40 shake-up states from 43.5 to 45.5 eV with the total intensity 0.019, and band 9 at 49.0 eV was composed of ≈30 states from 46 to 52 eV with the total intensity 0.030. These shake-up states are also due to the two-or three-electron processes including Rydberg excitations.
IONIZATION SPECTRUM OF N 2
Next, the SAC-CI general-R method was applied to the outer-and innervalence ionization spectra of N 2 up to about 45 eV. Note that some doubleionized states exist from 37.8 eV 40 4 . In Fig. 3 , the SAC-CI ionization spectrum of N 2 is compared with the SRPES spectrum 5 . In the theoretical spectrum, the line widths of Gaussian convolution are 1.0 and 2.0 eV FWHMs for main and satellite peaks, respectively. Table III summarizes the calculated IPs, monopole intensities and main configurations together with the IPs by four experiments 4, 14, 48, 49 . We presented the ionized states whose intensity was greater than 0.002. Note that there are still several other outer-and innervalence satellites that are not given in Table III .
Three main peaks due to (3σ g -1 ), (1π u -1 ) and (2σ u -1 ) ionization processes exist in the valence ionization spectrum of N 2 . The SAC-CI general-R method calculated these main peaks at 15.38, 16.91 and 18.65 eV in good agreement with the experimental IPs by XPS 3,4 and UPS 14 , as shown in Table III .
The characterization of the inner-valence spectrum of N 2 is still not definitive, although there are extensive experimental [3] [4] [5] [6] 14 and theoretical works 15, [17] [18] [19] [20] [21] [23] [24] [25] . The earliest study of the inner-valence region of N 2 was due to the XPS spectrum reported by Nilsson et al. 3 Recently, the highresolution XPS spectrum of N 2 was observed by Svensson et al. 4 and the detailed assignments were proposed by comparing with theoretical calculations, UPS 49 and DES 48 . The fine UPS spectrum was also recorded between 23 and 35 eV with the high-resolution better than 20 meV 14 . We discuss our results comparing with the detailed spectrum by high-resolution XPS 4 and UPS 14 . In Fig. 4 , the inner-valence satellite spectrum by the SAC-CI general-R method was compared with two XPS spectra 3, 4 . In the theoretical Theoretical Fine Spectroscopy with SAC-CI Method spectrum, the calculated pole strengths were convoluted with the FWHM 2.0 eV. In the present calculation, eight satellite bands were found by the Gaussian convolution of the peaks, which were numbered 1 to 8. The spectrum shape of N 2 appears to be very similar to that of CO as a whole, though the intensity of each corresponding band is different, especially for bands 2-5.
In the lower inner-valence region, a ) and UPS (ref. 49 ) spectra in ref. 4 .
d
Values in parentheses were proposed in ref.
FIG. 4
The inner-valence ionization spectra of N 2 by a XPS 3 , b XPS (1487 eV) 4 , and c SAC-CI general-R method. In the theoretical spectrum, the calculated pole strength of each peak is shown as a solid vertical line and is convoluted with a FWHM of 2.0 eV outer-valence satellite of (2σ u -1 ) and is described by the two-electron process including valence π* excitations, such as (3σ g -1 3π g 1π u -1 ). The XPS 4 and UPS 14 observed this peak at 25.0 and 25.51 eV, respectively, which is denoted as the C state. In the shoulder of band 1, two shake-up states with 2 Π symmetry have been theoretically predicted as D and E states 15, 19, 21, 25 , which were not reported in the XPS spectra 3, 4 4, 14 . In the energy region above the F state, two shake-up states, 2 Π g and 2 Π u , were calculated at 32.87 and 33.02 eV, respectively. These states were attributed to band 3 and assigned to G and H states. The G state is characterized as (1π u -2 3 π g ) and the H state as (2σ g -1 3π g 1π u -1 ). In the previous experimental 5 and theoretical 19 works, two shake-up states were also obtained in this region, but their assignments were different. These states were not observed in the XPS spectra 3, 4 . Ågren et al. 19 have calculated two states with 2 Π u and
metries. In the DES work 48 , the band 2 was observed asymmetrically, which suggested the contribution of the 2 Π state in the high-energy region of this band. The UPS spectrum also observed weak features around 30 eV. A weak vibrational progression due to the G 2 Π g state was seen in this energy region; this state was weakly bound according to our calculation 50 . In the recent vibrationally resolved UPS 49 , a weak vibrational progression was also inferred at 30.4 eV. We also found the 2 ∆ g state at 31.08 eV with quite small intensity in this energy region. correspond to (2σ g -1 ) inner-valence satellites, though the former state involves the Rydberg excitation the latter being accompanied by the π* excitation. In the DES 48 , an increase in the intensity was identified in the energy region 35-36 eV. Accordingly, we calculated a 2 Π g state at 34.96 eV with the small intensity 0.005. In this region of peaks I-K, there is discrepancy between the calculated relative intensities and XPS spectra.
The (2σ g -1 ) satellite spectrum was observed in the energy region 36-45 eV 3,4 . Since numerous states were calculated, one-to-one assignment of the observed peaks would be difficult, however, we proposed our assignment with the shake-up states whose intensity was calculated to be larger than 0.002. Six 2 Σ g + states from 36.70 to 38.13 eV (band 5) were assigned to the shoulder peak at 37.0 eV observed by XPS 4 . The total pole strength of these states was calculated to be 0.204. Some of these states are mainly characterized as three-electron processes involving the π* excitation; the inclusion of quadruple R-operators was important for describing band 5. Two-electron processes involving the Rydberg excitations were also found in this region. The strongest peak was observed at 37.9 eV in the XPS spectrum 4 . We assigned two 2 Σ g + states calculated at 38.62 and 38.98 eV (band 6), which are described by (2σ g -1 ) and (1π u -1 2π u 3σ g -1 ) including the Rydberg excitations. The total pole strength of these states was calculated to be ≈0. 4 . In the DES spectrum 52 , weak features were observed around 40 eV; we calculated two 2 Π u outer-valence satellites at 39.77 and 40.8 eV with the intensity 0.002. Band 8 was attributed to a weak and broad band observed at 42.5 eV by XPS 4 , which is mainly described as the two-electron processes involving the Rydberg excitations.
CONCLUSIONS
The outer-and inner-valence ionization spectra of CO and N 2 were studied using the SAC-CI general-R method with flexible basis sets. The SAC-CI general-R method quite accurately reproduced the experimental spectra of these molecules and gave the detailed assignment of the satellite peaks.
In both the outer-and inner-valence region, satellite peaks were classified into the ionization including valence or Rydberg excitations. Our results show that numerous shake-up states exist with distributed intensities, especially in the high-energy region, and they constitute several bands that were not experimentally resolved. This picture was less clear in the previous studies. In particular, we calculated the detailed spectrum of the shake-up states including Rydberg excitations, for which the Rydberg functions should be included and numerous states should be solved in the calculations.
For CO, we presented the theoretical satellite spectrum up to 50 eV, which interpreted the nine bands observed by EMS in 20-50 eV and the eight bands by XPS in 20-34 eV. The first band was assigned to 2 Σ + and 2 Π states for peaks C and D, respectively. For peak E, we calculated no states with 2 Σ + or 2 Π symmetries, but a 2 ∆ state with tiny intensity. For this peak, vibrational progressions of other peaks can also contribute. We assigned the 2 Π and 2 Σ + states for peaks F and G, respectively, whose assignment has not been definitive yet. For these peaks, our assignments are consistent with the DES and UPS spectra 48, 49 . We calculated 2 Σ + satellite states corresponding to peaks I and J. Numerous 2 Σ + and 2 Π satellite peaks were obtained in the higher energy region 34-52 eV and some of them, especially for bands 4, 5, 6 and 7, were predominantly described by triple-electron processes; the inclusion of quadruple R-operators was important for describing these states in the SAC-CI general-R method.
For N 2 , we calculated the spectrum up to 45 eV and interpreted the complicated satellite peaks (C-K) in the energy region 20-35 eV. We assigned two 2 Π g states to the D and E states and supported the assignments of UPS spectrum 14 . We calculated three outer-valence satellites for the G, H and I states, which were reported by recent high-resolution XPS 4 . More detailed analysis of the vibrational states would be necessary for final assignment, especially for peaks I, J and K. In the higher-energy region 33-45 eV, the detailed assignments for the (2σ g -1 ) inner-valence satellites were given. We found that (2π u -1 ) outer-valence satellite states exist in band 7 in agreement with the DES spectrum 52 .
Finally, it is further necessary to investigate the vibrational spectrum of the satellite peaks for complete assignments, especially for the lower energy region. Theoretical study on vibrational levels of the satellites using the SAC-CI general-R method is now in progress 50 .
